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Abstract. CLEO-c measurements of the timelike form factors Fpi, FK at
√
s = 3.671 GeV provide a direct
probe of power corrections (PC’s) at energies near mB. PC’s in Fpi,K and B → Kpi , pipi are separated into
perturbative and soft parts. In Fpi,K the latter are ≥ O(10) larger. A PC fit to the B → Kpi, pipi data also
yields a ≥ O(10) soft-to-perturbative hierarchy for the QCD penguin PC’s. Hence, both can be attributed
to dominance of the soft-ovelap between energetic (approximately) back-to-back collinear partons, and
consistency of the B → Kpi, pipi fit with the Standard Model appears to be naturally realized. The CP
asymmetries SKspi0 , CKspi0 are well determined, providing a clean test for new physics.
PACS. 13.25.-k hadronic decays: mesons – 13.66.Bc hadrons: production by electron-positron collisions
Much effort has gone into the theoretical description of
B decays into light meson pairs. Apart from being of inter-
est in QCD, the issue has important implications for new
physics search strategies which rely on comparing decay
rates and CP asymmetries in different final states. The de-
cay amplitudes can be organized into expansions in powers
of 1/mb. The leading power (LP) contributions are calcu-
lable in QCD factorization (QCDF) [1] in terms of univer-
sal non-perturbative quantities. Numerous leading power
predictions for B → M1M2 decays are in gross conflict
with the data. In B → Kpi, pipi the direct CP asymme-
try Api+pi− is too small, AK+pi− is too small and of wrong
sign, AK+pi− ≈ AK+pi0 , contrary to observation, and the
branching ratios BrK0pi0 , Brpi0pi0 are too small. A possible
explanation is that certain power corrections (PC’s) are
of same order as or larger than their LP counterparts and
have large strong phases, due to non-perturbative effects.
Continuum e+e− →M1M2 light meson cross sections
at
√
s ≈ 3.7 and 10.58 GeV at the charm and B facto-
ries provide a direct probe of PC’s in the timelike vector-
current matrix elements, 〈M1M2|q¯γµq|0〉. Perturbative cal-
culations of PC’s on the light-cone contain IR log-divergent
terms of the form αs(µh)(1/
√
s)n lnm(
√
s/Λ), signaling
the breakdown of short/long-distance factorization (sub-
stitute
√
s → mB in B decays). Λ represents a physical
IR cutoff on the longitudinal momentum of, e.g., a valence
quark, in the convolution integrals of light meson light-
cone distribution amplitudes (LCDA’s) with hard scatter-
ing amplitudes. We therefore divide the PC’s into pertur-
bative and non-perturbative parts (soft overlaps), where
the former are defined by imposing Λ, µh >∼ 1 GeV. For ex-
ample, the vector-current form factor PC’s are written as
a
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δF = δF pert. + δF n.p.. The leading kinematic final-state
parton configurations responsible for the non-perturbative
(or perturbative) parts of the vector-current and penguin
PC’s are similar. Thus, we may learn about the relative
importance of soft-overlaps, e.g. end-point effects, in the
latter from the continuum data.
The continuum timelike form factors FK , Fpi measured
by CLEO-c at
√
s = 3.671 GeV are [2]
|Fpi| = 0.075± 0.009 , |FK | = 0.063± 0.004 . (1)
The calculable LP contributions arise at twist-2 in the
LCDA’s, and fall like 1/s [3]. We obtain
FLPpi = −0.01+0.002−0.004 , FLPK = −0.014+0.002−0.006 (2)
at tree-level. The errors are due to variation of the first
two LCDA Gegenbauer coefficients [4] and the scale µ ∈
[
√
s/2,
√
s] at which they and αs are evaluated, added in
quadrature. The ‘central-values’ are for µ =
√
s, and αs
is evaluated at two-loops throughout this work. Even at
µ = 1 GeV, FLPpi (F
LP
K ) ≈ −0.025 (−0.036), implying that
FK and especially Fpi are dominated by PC’s.
δFK,pi enter at 1/E
2, or twist-4 perturbatively, and
to first approximation fall like 1/s2. We obtain δF pert.K,pi
from convolutions of two twist-3 valence quark LCDA’s
with the tree-level hard-scattering amplitudes (twist-4 va-
lence quark LCDA’s contribute negligibly). The model pa-
rameters of [4] are employed for the LCDA’s. Perturba-
tive higher Fock state effects are of same twist and order
of magnitude, and therefore would not qualitatively al-
ter our conclusions. Fig. 1 shows the ranges obtained as
the cutoff Λ in the divergent terms is varied from
√
s to
1 GeV. Λ is roughly the lowest gluon virtuality allowed.
Results for asymptotic LCDA’s are also shown. There are
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Fig. 1. δF pert.pi,K vs. Λ: solid curves for αs, central values of
LCDA parameters evaluated at µh = Λ; inner blue bands for
LCDA parameters varied within errors; outer yellow bands in-
clude µh ∈ [Max[1GeV, Λ/2] ,√s]; dashed lines outline ‘outer
bands’ for asymptotic LCDA’s. Errors added in quadrature.
large accidental cancelations between asymptotic and non-
asymptotic effects at lower Λ. The magnitudes of each
separately therefore give a better indication of the size
of perturbative effects for Λ near 1 GeV. Comparing the
asymptotic plots to Eq. 1, it is clear that the dominance
of the PC’s in FK,pi is due to their soft parts,
|δF n.p.pi /δF pert.pi | ≥ O(10), |δF n.p.K /δF pert.K | ≥ O(10). (3)
Similar soft enhancement would account for Fpi(mJ/Ψ ) ≈
0.10, as extracted from J/Ψ decays [5]. At LP, the form
factors obey canonical SU(3)F flavor symmetry breaking,
i.e., (Fpi/FK)LP ≈ f2pi/f2K ≈ 0.7. However, |Fpi/FK |exp. =
1.20 ± 0.17, implying that |δFpi/δFK | > 1, e.g., (1.9 ±
0.36) f2pi/f
2
K for constructive interference between LP and
PC effects. Apparently, the soft-overlap is significantly
larger for pipi than KK.
The SU(3)F diagrammatic representation gives a con-
venient general classification of the B → Kpi, pipi ampli-
tudes [6]. For example, the B¯ → Kpi amplitudes are
AK¯0pi− = λp(Aδp u + P
p − 1
3
PC ,pEW +
2
3
PE ,pEW )
−AK−pi+ = λp(T δpu + P p +
2
3
PC ,pEW −
1
3
PE ,pEW )
−
√
2AK−pi0 = λp((T + C +A) δpu + P
p + P pEW
+
2
3
PC ,pEW +
2
3
PE ,pEW )
√
2AK¯0pi0 = AK¯0pi− +
√
2AK−pi0 −AK−pi+ . (4)
The CKM factor λp=VpbV
∗
ps, and there is a sum over p =
u, c. The B− (B0) Br’s are given by |A|2 (τB0/τB− |A|2).
T (a1) and C (a2) are the color-allowed and color-suppressed
‘tree’ amplitudes, and P p (a4,6), P
p
EW (a7,9), and P
C ,p
EW (a8,10)
are the QCD penguin, electroweak penguin (EWP), and
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Fig. 2. Diagrams for perturbative B →M1M2 PC’s. Crosses
indicate all places where the gluon can attach. The Qi are the
∆B = 1 effective Hamiltonian operators [1].
color-suppressed EWP amplitudes, respectively. They con-
sist of LP parts TLP, etc. (the QCDF coefficients ai [1] are
in parenthesis) and PC’s δT , etc. The corresponding pipi
amplitudes are primed. PE ,pEW (P
′E ,p
EW , P
′A ,p
EW ) and A (E
′)
are the Kpi (pipi) EWP and ‘tree’ weak annihilation PC’s,
respectively. We can neglect the electromagnetic u, c-loop
penguin contractions in the EWP PC’s, and thus drop
their ‘p’ superscripts below.
The Br’s and AK+pi− , AK0pi+ , AK+pi0 , Api+pi− , Spi+pi−
are required to lie within their 1σ HFAG experimental er-
rors [7]. The LP amplitudes are evaluated in QCDF to
NLO [1]. The NNLO corrections [8,9] would not have
a substantial impact on our fit results. The LP inputs
are varied uniformly within their errors. The Wilson co-
efficients, αs, and the LCDA parameters [4,1] are evalu-
ated at the scale µb ∈ [mb/2 ,mB], with mb = 4.2 GeV,
mc = 1.3 GeV, ms = 100 ± 20 MeV, fB = 220 ± 20
MeV, FB→pi = 0.23 ± 0.04, λB = .35 ± .15 GeV, Vub =
(3.86±.10)·10−3, Vcb = 0.041, and γ ∈ [50◦ , 80◦]. TheKpi
(pipi) PC fits are dominated by |δP (′) p|eiδ(′)p , |δC(′)|eiδ(′)C ,
|δT (′)|eiδ(′)T , with strong phases defined relative to the cor-
responding naive-factorization amplitudes. The fits allow
δP (′)u and δP (′) c to differ substantially, a possibility sug-
gested by their perturbative contributions, see Fig. 4c. We
require |δP (′)u/δP (′) c| ≤ 3; |δT/δC| ≤ 0.4 (we allow for
O(1) variation of the one-gluon exchange approximation
ratio, ≈ |C2/C1|); and |A|, |E′| < O(10)× their perturba-
tive ranges, see below. To good approximation, the EWP
PC’s satisfy
4
3
δP
(C)
EW =
∑
κ=±1
(
C10(9) + κC9(10)
C1 + κC2
)
(δT + κ δC) (5)
in the SU(3)F limit [10] (and similarly for pipi), and the
order of magnitude one-gluon exchange approximation re-
lations PEEW ∼ 3/2C9/C2A, P ′EEW ∼ 3/2C9/C1E′, and
P ′AEW ∼ 3/2C10/C1E′ [1], where the Ci are Wilson coeffi-
cients in the ∆B = 1 effective Hamiltonian. The last three
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Fig. 3. Kpi, pipi fits: (a) δP c (blue), P cLP (red), P
c (green),
strong phases relative to naive factorization; (b) same for δP ′ c,
P ′ cLP, P
′ c; (c) same for δC, CLP, C; (d) |C/T | (olive green),
|C′/T ′| (green) vs. strong phase differences; (e) SKspi0 , CKspi0
for β ∈ [20.2, 22.0◦], and HFAG averages.
relations imply that P
(′) E
EW and P
′A
EW are negligible. The
SU(3)F breaking corrections in Eq. (5) could be O(1) for
Kpi, thus multiplicative factors r(C)e
iδ(C) are introduced
on the r.h.s., with r(C) ∈ [0, 2], δ(C) ∈ [0, 2pi].
The fits yield |δP c| ∼ |P cLP|, |δP ′ c| >∼ |P ′ cLP|, |δC(′)| >∼
|C(′)LP| and δC >∼ 30◦, see Figs. 3a-c. A breakdown of the
1/E expansion is not implied if a PC exceeds its LP coun-
terpart (it could be accidental given that one is factoriz-
able and the other is not), but rather if power counting
for the PC’s themselves is violated, for which there is no
indication. In fact, the continuum e+e− → ρη cross sec-
tions at
√
s ≈ 3.77 and 10.58 GeV give remarkably precise
confirmation of the power counting rules [11]. In Fig. 3b,
P ′ c is multiplied by fK/fpi for comparison with Fig. 3a.
Canonical SU(3)F breaking at LP gives fK/fpi P
′ c
LP ≈
P cLP. However, it appears that fK/fpi δP
′ c > δP c, in ac-
cord with δFpi > δFK . The magnitudes of C
(′)/T (′) in
Fig. 3d can be smaller than in SU(3)F fits, see e.g. [12].
The need for a large strong phase difference δC − δT is
well known. In terms of their experimental errors, δPCEW
can shift BrK+pi− , BrK+pi0 , and AK+pi− by
<
∼ 2.5σ, 1.5σ,
and 1.5σ, and E′ can shift Brpi+pi− , Api+pi− , and Spi+pi−
by <∼ 5σ (20%), 2σ, and 1.5σ, respectively. Other shifts
due to subleading amplitudes are < 1σ. The SM predic-
tions for the time-dependent CP asymmetries SKspi0 and
CKspi0 = −AKspi0 in Fig. 3e are consistent with experi-
ment. The experimental errors exceed the fit errors, mak-
ing this a good place to look for new physics [13,14]. The
predicted ranges forApi+pi0 andApi0pi0 are≈ [−0.06,+0.06]
and [−0.95, 0.55], respectively, consistent with the HFAG
averages, 0.06± 0.05 and 0.43± 0.25.
To obtain an approximate goodness of fit for Kpi, we
find the minimum for the scatter points of a χ2 con-
structed from the Br’s, direct CP asymmetries, SKspi0 ,
β = (21.1 ± 0.9)◦ [7], and γ = (67.8 ± 4.2)◦ [15]. The ef-
fective number of parameters fit is 9: |δP c,u|, |δT |, |δC|, 3
strong phases, γ and β (the dependence of χ2min on r(C),
A, and PEEW is negligible). The result, χ
2
min/d.o.f ≈ 3.5/2,
is consistent with the SM at ≈ 1.4σ (83% CL). To check
that the pattern of PC’s is natural, we compare the soft-
to-perturbative PC ratios to those in Eq. (3).
The perturbative B → Kpi, pipi PC’s are obtained from
the diagrams of Fig. 2. They depend on two renormaliza-
tion scales: (i) µb, linked to the energy release of the decay,
as in the LP amplitudes, and (ii) µh, linked to the IR cutoff
Λ. The Wilson coefficients and one αs factor in Figs. 2b,d
(associated with the u, c -loops) are evaluated at µb. The
other αs factors and the LCDA parameters are evaluated
at µh. The Wilson coefficients in Figs. 2a,c,e are NLO, and
C1 is LO in Figs. 2b,d. We have checked that the quark
loop diagrams in Fig. 2 eliminate the dominant leading
logµb scale dependence (∝ C1αs/pi) in δP p, pert.. Products
of twist-2,3× twist-2,3 K,pi valence quark LCDA’s are in-
cluded in the amplitudes. Our results are summarized in
Fig. 4. The largest contributions to δP (′) p ,pert. come from
the charm-loop diagrams in Fig. 2b, the dipole operator
(Q8g) in Fig. 2e, and QCD penguin operator (Q3,..,6) weak
annihilation in Fig. 2a. They are dominated by contribu-
tions in which a gluon does not attach to the B.
In the non-perturbative limit (Λ → ΛQCD) the dia-
grams in Figs. 2a,b,e,, like those for δF pert., give way
to production of both light mesons from the soft over-
lap of an energetic approximately back-to-back pair of
collinear partons.1 This is indicated by quadratic depen-
dences on logmB/Λ and log
√
s/Λ. Our hypothesis is that
this mechanism dominates in both the timelike form fac-
tor PC’s and QCD penguin PC’s. Therefore, we would
expect a similarly large soft-to-perturbative PC hierarchy
in both, given that the perturbative, as well as total PC’s
1 Perturbative quark loops in the non-perturbative contribu-
tions will continue to cancel the leading log µb scale dependence
of the QCD penguin operator Wilson coefficients.
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Fig. 4. B → Kpi, pipi perturbative PC’s vs. Λ: solid curves
for µb=mb, µh=Λ, central values for other inputs; inner blue
bands for µh = Λ, µb ∈ [mb/2 ,mB], inputs varied within er-
rors; outer yellow bands include µh ∈ [Max[1GeV, Λ/2], mB];
dashed curves outline ‘outer bands’ for asymptotic LCDA’s,
with black (brown) curves in (c) for fK/fpi δP
′ c (u). Errors
added in quadrature.
satisfy the power counting rules. Indeed, comparison of
Figs. 4a,b,c with the fit results in Figs. 3a,b yields
|δP (′) c,n.p./δP (′) c, pert.| ≥ O(10) . (6)
This is consistent with the large hierarchy in Eq. 3 for
the timelike form factors, thus strengthening the case for
a power correction explanation of the B → Kpi, pipi puz-
zles. Given the soft dominance of the penguin PC’s, the
origin of δP ′ c fK/fpi > δP
c and δFpi > δFK would be the
same: a larger pipi soft-overlap. There could be additional
charm loop PC’s in which the ‘loops’ themselves are non-
perturbative (corresponding to c quarks near threshold),
as has been suggested for LP penguins [16]. Our results
indicate that neither are required by the data.
The hard spectator interaction diagrams in Figs. 2c,d,f
contribute to the perturbative penguin power corrections
(at levels well below those discussed above) and to the
color-suppressed tree amplitudes δC(′) pert. (Q1 in Fig. 2c).
In the non-perturbative limit (Λ→ΛQCD) only the spec-
tator quark light meson is produced via a soft-overlap,
as indicated by a linear dependence on logmB/Λ. There-
fore, we might expect |δC(′) , n.p./δC(′) , pert.| to be smaller
than the penguin ratios in Eq. (6). This is consistent with
Figs. 3c and 4d, albeit within large errors. The requisite
strong phase difference between C and T would have to
be due to the soft-overlap. The existence of strong phases
from soft-overlaps would be confirmed by the measure-
ment of a relative strong phase between different polar-
ization amplitudes in e+e− → V V at the Υ (4S).
To summarize, we have argued that power corrections
in the timelike form factors and QCD penguin amplitudes
for PP final states are dominated by soft-overlaps be-
tween pairs of energetic and approximately back-to-back
collinear partons. This is supported by the large ≥ O(10)
soft-to-perturbative power correction hierarchies obtained
in both cases. The similarity implies that the magnitudes
of the power corrections returned by fits to the B →
Kpi, pipi data (1.4σ away from the Standard Model) are
natural, thus strengthening the case for a power correc-
tion explanation of the B → Kpi, pipi puzzles.
Note added: After completion of this work, first reported
in arXiv:0812.3162, we were informed by L. Silvestrini that
his group had also carried out a Kpi PC fit, with similar
predictions for SKspi0 , CKspi0 , which appeared in [17].
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